Introduction
This study explores the effect of the plasma treatment process on the physico-chemical properties of two organo-modified nanoclay surfaces (Cloisite 30B (C30) and Nanomer I.34 TCN (I.34TCN) and the consequences for their applications in laser sintering (LS) polymer nanocomposites. LS is designed to build 3-dimensional (3D) products with complex and accurate geometries from powdered materials without the need for moulds or patterns [1] [2] [3] . Firstly, polymeric powder is preheated to a temperature below its melting point for a certain time. Then, a CO 2 -laser selectively fuses the heated powder to produce products layer by layer. LS parameters such as laser power, scan speed, scan spacing and layer thickness can be varied for optimised properties [4] . However, a limited selection of materials and inconsistent mechanical properties are still challenges, restricting the overall potential of LS [5] [6] [7] [8] . Porosity and surface quality also affect the functions of the end-use parts [9, 10] . Pore formation is highly affected by the melt flow and thermal stability and is also influenced by the powder particle shape, distribution and processing parameters (laser power and scan speed) [7, 11, 12] .
The inclusion of nanomaterials into polymers has the potential to provide performance benefits improving part quality and offering new applications [8] . However, the dispersion of the nanomaterials still remains a critical issue for the preparation of Laser Sintered nanocomposites [13] . Poor interaction between polymers (organics) and nanofillers (e.g. nanoclays) leads to a nanoparticle micro-aggregation phenomenon and is a key issue for the mechanical properties [14] . Aggregated nanoclays can be expected to improve polymer rigidity but reduce toughness and elongation [15] . Here, we exploit the potential of plasma treatment to address the poor dispersion of the nanoclay in the polymer matrix.
Layered silicate based nanomaterials have attracted great interest in the field of polymer nanocomposites due to their significant impact on the intrinsic properties of the polymer matrix. The smectite mineral clay group of phyllosilicates family has been widely used in industry since the mid-nineteenth century [16] . Montmorillonite (MMT), saponite (SP), and hectorite (HT) and other uncommon species are all listed in the smectite group, and montmorillonite ([Al l.67 Mg 0.33 (Na 0.33 )] Si 4 O l0 (OH) 2 ) [17] is the most widely used clay for reinforcing polymers. The mineral montmorillonite is composed of octahedral sheet (silica) sandwiched between two tetrahedral sheet (alumina) to form the most familiar 2:1 structure. The chemical structures, physical specifications and uses of the smectite group and other layered silicate clays are welldetailed in the literature [18] [19] [20] [21] . Natural montmorillonite is a hydrous phyllosilicate with a negatively charged layer caused by the substitution of silicon with aluminum in the tetrahedral layer and the replacement of aluminum with magnesium in the octahedral layer. The negative charge is neutralised by mineral cations such as sodium, calcium or potassium resulting in a regular stack of tetrahedral-dioctahedral layers. The pristine montmorillonite clay is hydrophilic in nature and is consequently immiscible with hydrophobic polymers such polyamides [14] . A chemical surfactant is commonly used to increase the interlayer space (gallery) and render the hydrophilic into organophilic clay, in which the interlayer cations Na + or Ca +2 are exchanged by an alkylammonium surfactant [22, 23] . This organomodification, however, is a time-consuming method [24] . In addition, organoclay platelets aggregate to form microscale tactoids, resulting in weak properties. Breaking up these aggregates into small sized tactoids or individual platelets requires further expensive or elaborate modifications. Montmorillonite can also be subjected to acid treatments with sulphuric acid (H 2 SO 4 ) [ 25] or hydrochloric acid (HCl) leading to varying modifications [26] . Such treatments require special conditions to avoid any unacceptable increases of nanoclay acidity. Therefore, this study aims to avoid the chemical techniques described previously, and to investigate a cheap, simple, and dry (chemical and water free) method for the modification of montmorillonite based nanoclays by Low Pressure Air Plasma Treatment (LP-PT) of composite powders in laser sintering applications. Although some studies on treating the clay/nanoclay (modified or nonmodified) for the reinforcement of polymers were previously carried out [27] [28] [29] , plasma treatment in laser sintering applications is in its infancy [30] . Here we show for the first time that LP-PT of Nanomer (I.34TCN) clay can strongly improve the surface quality of clay/PA12 composite parts fabricated by LS. Thus, this is a unique study on the use of plasma treatment in LS applications, demonstrating for the first time that plasma treatment has the potential to provide crucial performance benefits for laser sintered nanocomposites.
Materials and materials processing and preparation

Nanoclays
Two different layered silicates clays were used: Cloisite 30B (C30B) (purchased from Southern Clay products, USA) and Nanomer (I.34TCN) (provided by Sigma Aldrich chemicals, UK). C30B and I.34TCN are montmorillonite-based nanoclays, organomodified with surfactants. The chemical structure and technical information of the surfactants are given in Table 1 . C30B and I.34TCN were selected because they only differ in the structure of the surfactant. The alkyl ammonium salt of the C30B surfactant has a single alkyl tallow whereas two alkyl tallows are used to treat the I.34TCN [31] . However, both surfactants possess a hydroxyl group which may lead to the formation of a hydrogen bond between the hydroxyl group in the surfactant and the polyamide (possessing a polar nature) resulting in a strong interaction between the organic polyamide and organomodified clays [32] . However, C30B and I.34TCN with the dihydroxyl-surfactant are more likely to suffer decomposition via the Hofmann elimination reaction [33, 34] , catalysing the degradation of polymer matrix [14, 35] .
Low pressure air plasma treatment (LP-PT) technique
C30B and I.34TCN were subjected to a plasma treatment using a Low-Pressure Plasma Cleaner Zepto (from Diener Electronics) using ambient air as process gas. A small quantity (< 1 g) of the nanoclay powder was placed as a thin layer in a small glass petri dish. Three petri dishes were then placed inside a cylindrical glass vacuum chamber of the plasma instrument. After evacuating the chamber to a pressure of 0.3 mbar, the plasma was generated using a power (100 W) for 1000s. As only the top-layers of the powder bed in the petri dish are exposed to the plasma, the powder was then turned half way through the stated treatment time. This procedure was repeated twice before the treated powder was then removed from the dishes and kept it in a sealed glass jar.
Materials preparation for Downward Heat Sintering (DHS) and laser sintering (LS) applications
Polyamide 12 (PA12), used as a polymer matrix, were supplied by eManufacturing Solutions (EOS) with a trade name of PA2200. As received PA12 is a thermoplastic and semicrystalline polymer and its chemical formula is (C 12 H 23 NO) n . Powders (polymers and nanoclays) were mechanically mixed and ultrasonicated prior to sample production via melting (using DHS) or sintering (using LS) processes. Mixing, sonication conditions and material amounts for both processes are found in Table 2 .
The composite materials of PA12 and C30B nanoclay (treated and untreated) were prepared for DHS method as described in [30] . Briefly, a simple, fast, low-cost and without any applied external pressure method was used to replicate the LS technique by means of a hot press. In the hot press, HS parts were fabricated by supplying heat from the top to powders (PA12 and C30B composites) which were preheated to below its melting temperature (temperatures and other parameters are listed in Table 2 ). HS parts left to cool at room temperature before collection. The processing parameters and temperatures described in [30] were optimised via our method through DSC-HSM. 
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Herein, the treated and untreated I.34TCN composites were prepared for LS applications. LS Parts from those materials (PA12 and I.34TCN composites) were produced horizontally (x and y are the layer directions) at three different laser powers (i.e. 13, 17, and 21 W) as shown in Figure S1 (a) in Supplementary Information. Other LS parameters are mentioned in Table 2 . The commercial LS system used for these purposes is Formiga P100 from EOS. PA12 and PA12/I.34TCN powder composites were tested to investigate the powder processing window and particle distribution as shown in Table S1 in Supplementary Information.
In summary, these investigations revealed no significant change in the morphological and thermal properties of the composite powders. Particle sizes of composite powder were slightly reduced at 10%, 50% and 90% compared to the PA12 powder due to the high-speed rotation mixing process used in this study. DSC results, showed that the difference between melting and crystallisation temperatures of PA12 was only slightly changed after incorporation of untreated and treated I.34TCN nanoclay.
Materials characterisation and testing
Scanning electron microscopy (SEM) and hot stage microscopy (HSM)
A Low Voltage Scanning Electron Microscopy Nova NanoSEM was used for the morphological observation of the clays before and after plasma treatment and LS cross sections produced using PA12 composites with both the treated and untreated nanoclays. An electron beam with low landing energy (2.2 KeV) was used to reduce specimen surface charging and damage. Note that no metal coating was applied to the polymer surface. Secondary electron images were collected with a Through-Lens-Detector (TLD) and a Concentric Back Scatter (CBS) detector was used for higher magnification imaging and with some chemical contrast.
High resolution SEM imaging was performed using a Helios Nanolab G3 UC microscope specifically designed for ultrahigh resolution at low voltages (< 1KV). Unlike ordinary SEM analysis, no conductive coating was deposited onto the samples. An accelerating voltage of 1.3 KV, typical vacuum pressure = 10 −6 mbar, current = 25 pA and a working distance of 4 mm was used. The design of the in-lens detector of this SEM allows the filtering of secondary electron (SE) energy ranges so that only SE below 6 eV are allowed to form the micrographs. This technique has been confirmed to remove the effects of topography [38] and allows the high-resolution imaging of the nanoclay within the composite.
HSM is a promising technique for visualising the coalescence of particles under heating for LS applications. Additionally, this technique allows the direct visualisation of nanoclay particles during the coalescence of the polymer particles. The HSM used here is composed of a BX50 light microscope from Olympus attached to a temperature controlled microscope stage from Linkam. Powders were melted from room temperature to 250°C at a rate of 10°C/min in order to be comparable with DSC profiles.
Fourier transform infrared spectroscopy (FTIR)
To explore the clays' structural and chemical composition changes during the plasma treatments, FTIR spectra was obtained using PerkinElmer Frontier spectrophotometer equipped with a Golden Gate ™ -single reflection Diamond ATR accessory. FTIR measurements were carried out on nanoclays, C30B and I.34TCN (without KBr dilution) by recording 10 scans in the wavenumber range from 400 to 4000 cm −1 at a spectral resolution of 4 cm
. Before obtaining spectra from the samples, a background spectrum with no sample was taken as a control.
Thermogravimetric analysis (TGA)
The thermal stability and thermal decomposition temperatures of the treated and untreated clays were determined with a Thermogravimetric Analyser (Pyris 1 TGA from PerkinElmer). This is because the organoclay modified with alkylammonium can have two opposing effects on the polymer and composites: i) a barrier effect resulting in an improvement of the thermal stability; ii) a catalytic effect on the decomposition of the polymer [14] . Thus, it is necessary to investigate the thermal properties of the nanoclay with and without plasma treatment before adding to the polymer matrix. The clay powder was heatedin a nitrogen environment, from 30°C to 630°C with a heating rate of 10°C/min.
Tensile tests
Tensile tests were carried out on LS samples using a Tinius Olsen H5KS tensile testing machine fitted with a laser extensometer as shown in Figure S1 (b) in Supplementary Information. Ultimate stress and strain, and elastic modulus were measured using the Horizon Software. The tensile tests were carried out under the conditions: speed 5 mm/ min, preload 5 N and maximum load cell 5 kN. Figure S1 (c) shows a schematic illustration of a standard tensile test specimen based on the ASTM D638-02a standard.
Results and discussion
Characterisation analysis and results
SEM images
The SEM micrographs of the nanoclays C30B and I.34TCN before and after plasma treatment are shown in Fig. 1(a&b) and(c&d) respectively. C30B nanoclay exhibited a reduction in agglomeration due to the action of the plasma, as displayed in SEM images (using a high resolution CBS detector) in Fig. 1(a&b) . Fig. 1(a) shows the NT-C30B platelets aggregated to form large and round particles of several microns. In contrast, after LP-PT thin separate sheets of clay can be seen in Fig. 1(b) .
As noted Fig. 1c , the untreated I.34TCN nano-platelets were conjoined in micron-size irregular shaped particles. Some of the aggregated particles are relatively large and round or oval in shape (highlighted by arrows in Fig. 1(d) and thus, a poor micro and nano dispersion within the polymer matrix is expected [39, 40] . LP-PT of clay I.34TCN ( Fig. 1(d) ) tended to reduce the agglomerate size to form more open, smaller agglomerates (highlighted by arrows) with visible small holes, confirming the particles responded to the plasma treatment.
These observations were also confirmed by the HSM images in Figure S2 (a and b) during heating of PA12 particles. After PA12 powder coalescence, the untreated I.34TCN particles were aggregated in relatively large nonuniform particles (examples highlighted by red arrows) reducing the contact area which may ultimately adversely affect the properties of the final parts. However, a few dispersed untreated clay particles can also be seen in Figure S2 (a) which are highlighted by light green arrows. Whilst, the treated I.34TCN particles were well-dispersed (highlighted by light green arrows in Figure S2(b) ) and reduced agglomerations, and this resulted in an increase of the contact area and improved the interaction between the clay and polymer matrix. Ultimately, this effect is expected to improve the properties of the final products. Some small aggregated treated clay particles were observed and highlighted by red arrows. Fig. 2(a&b) shows the FTIR spectra of untreated and plasma treated nanoclays C30B and I.34TCN respectively, with the major absorption bands positions outlined in four regions. It can be observed that the untreated C30B and untreated I.34TCN nanoclays displayed similar patterns and the intensity of the peaks were approximately the same. The FTIR spectra of C30B and I.34TCN in Fig. 2(a(a&b) In addition, the organic surfactant has displayed peaks attributed to the C-H vibration at ∼1470 cm −1 (bending) and two adjacent peaks at ∼2852 cm -1 and ∼2926 cm −1 (symmetric and asymmetric stretching) [33] [34] [35] [36] [37] [38] [39] [40] [41] . The wide wavenumber range in Fig. 2 reveals that the strongest peak appeared at 990 cm −1 . Further changes can be seen in the range of (1200-2000 cm −1 and 3250-3750 cm −1 ) as shown in Fig. 3 . As observed, a reduction in the intensity of the Si-O-Si peak related to the spectra of C30B and I.34TCN (Fig. 3(a&d) ) which is coupled with an intensity change of the peak located at ∼3626 cm −1 (hydroxyl stretching) in Fig. 3(c&f) confirmed that the LPePT has made structural changes in the mineral portion (MMT) of the organoclays. It is suggested that the chemical change is attributed to a partial breakdown of the surface silicate with a formation of a new hydroxyl [28] . The broad peak centred around ∼3360 cm −1 corresponding with adsorbed water also decreased in the C30B and I.34TCN spectra, as shown in Fig. 3 (c& f), this could be due to the increased temperature within the plasma chamber. The influence of the plasma on the nanoclays' organic surfactants is observed as the peak associated with C-H bending (∼1470 cm -1 ) decreased and a peak at ∼1695 cm -1 owing to the carboxylic acid [33] has become more intense [42] . In addition, the two adjacent peaks at ∼2852 cm -1 and ∼2926 cm -1 assigned to symmetric and asymmetric C-H stretching of the organic surfactant of C30B and I.34TCN also decreased as shown in Fig. 3(b&e) . Fig. 4(a&b) shows the TGA thermograms of the untreated and plasma treated C30B and I.34TCN, respectively. Generally, the organic modified nanoclays decompose in four steps: (i) desorption of water (loss of free water) below 200°C, and dehydration of hydrated cations (loss of the interlayer hydration water only if there is some unexchanged Na + ions); (ii) decomposition of the organic surfactant, in the range 200°C-500°C; (iii) dihydroxylation of MMT (structural water) in the temperature range 500-800°C and finally (iv) organic carbon reactions above 800°C [22, 43, 44] . As shown in Fig. 4 , the decomposition patterns of the untreated and plasma treated nanoclays (treated C30B and treated I.34TCN) are similar. However, the plasma treated C30B and I.34TCN exhibited higher decomposition temperature than the untreated ones at all the degradation steps. For a deeper insight, the decomposition temperatures at onset point (5%) and 10% and of the untreated and plasma treated C30B and I.34TCN obtained from Fig. 4 , are summarised in inset Tables i and ii. The first observation is that, at the early stage degradation (below Fig. 1 . Micrographs of the nanoclays before and after plasma treatment (a) untreated C30B, (b) treated C30B which are reproduced from [30] under CC-BY-4, (c) untreated I.34TCN, and (d) treated I.34TCN. Arrows in (c) refer to the large, round untreated particles, whereas in (d) they refer to particles were broken in to smaller particles during plasma treatment.
FTIR analysis
Thermogravimetric analysis (TGA) results
200°C), the difference in the decomposition temperature between the untreated C30B and I.34TCN is limited (5°C at 5% weight loss) compared to the degradation at higher temperatures (such as at 10% the difference 20.9°C) of the untreated nanoclays' degradation patterns. It is attributed to the fact that the region at the temperature below 200°C is assigned mostly to the free water (and possibly interlayer water loss) in which the organoclays are expected to have a similar water content [44] . In contrast, above 200°C the organic surfactant is the main degraded substance [44] and, as mentioned earlier in this study, the organic surfactants of C30B and Nanomer I.34TCN are not the same since C30B surfactant has a single alkyl tallow whereas I.34TCN has two alkyl tallows. Thus, as can be seen in inset Tables in Fig. 4 , the decomposition temperature of I.34TCN is higher than those of C30B at the temperature where the organic substance is involved. In addition, the plasma shifts the decomposition temperatures of C30B and I.34TCN to higher values at all steps as shown in Fig. 4 , and inset Tables. This plays a critical role in maintaining the thermal stabilisation of the composite powder at higher temperature or laser power for the LS fabricated parts and even to the surrounding powder for the recovering process.
We suggest that the above TGA results coupled with the FTIR analysis shows that the plasma results in two actions i) the improvement of the thermal stability of the organoclays C30B and I.34TCN and ii) the formation of a new hydroxyl at the surface of the MMT converting carbons from the alkylic tail to carboxyl [42] .
Influence of plasma treatment on the quality of Laser sintered parts
In our previous works [30, 45] , the organonanoclay C30B (treated and untreated) was used to reinforce the PA12 using a new, simple and cheap fabrication method: Downward Heating Sintering (DHS). Previous work [30] aimed to replicate the laser sintering process whilst minimising powder waste as DHS method requires 50-100 grams compared to the typical 3 kg required by LS. As noted earlier, both C30B and I.34TCN are almost similar since both are MMT-based nanoclays modified by dihydroxyl alkyl ammonium organic surfactant. Moreover, these thermal investigations showed that the I.34TCN are more thermally stable than C30B. Hence, I.34TCN was the only nanoclay used for the following used for LS investigations.
DHS was used to determine LS parameters [30] , which were then used to fabricate the PA12 and composites (3% untreated I.34TCN and 3% treated I.34TCN). Different samples with different shapes and complexities were built successfully by LS as shown in Fig. 5 . Visual inspection showed that there was no shrinkage or failed complex shapes for all of the built objects. The colour of LS samples is as follows: neat PA12 -white; untreated I.34TCN composite -light beige and treated I.34TCN composite -light grey. The colour differences imply that the plasma treatment of nanoclay affects the nanocomposite formation during LS.
The microstructure of cross-sectioned LS parts (bed temperature 172°C and laser power 21 W) built from neat PA12, untreated and treated I.34TCN composites obtained by SEM are shown in Fig. 6 . The surface morphology of two different areas of each specimen were investigated: top left and middle sections of neat PA12 (Fig. 6(a) and (b) ), untreated I.34TCN composite (Fig. 6(c) and (d) ) and treated I.34TCN composite (Fig. 6(e) ), and (f)). The fracture surface of the PA12 sample displays various irregular pores. Enlarged internal pores are surrounded by un-melted or partially melted particles on the edges of the part. Heterogeneous rough and porous surfaces are also observed in areas far from the edges of the part as shown in Fig. 6(b) , with the elongated shape of the pores potentially demonstrating some ductile fracture.
The incorporation of nanoclay (untreated and treated I.34TCN) has altered the surface morphologies (see Fig. 6(c-f) ) where relatively flat and uniform cross sections are observed. Micro-holes and cracks were 
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also observed in Fig. 6 (c-f) (marked by arrows) which are attributed to the interlayer spaces or voids generated by adjacent particles that did not fuse completely [46] . However, the composite containing the treated I.34TCN (Fig. 6(e) ) reveals a more uniform surface than the untreated I.34TCN composite shown in Fig. 6(c) . Moreover, the former fracture surface has smaller sized micro-pores and fewer unmelted/ partly melted particles than the fracture surface of the composite containing the untreated I.34TCN (Fig. 6(c) ). Furthermore, larger cracks were observed in the untreated I.34TCN composite specimen ( Fig. 6(d) ) whilst the treated I.34TCN composite (Fig. 6(f) ) has relatively few pores compared to the untreated one in parallel zones. This suggests that the interaction between the LP-PT treated nanoclay (treated I.34TCN) and polymer (PA12) (reflected by the color change of the composite parts) may facilitate the flowability of the nanocomposite powders. In addition, the well-dispersed plasma treated I.34TCN particles in PA12 could potentially enhance laser energy absorption during sintering. Cross-sectional SEM images near edges in Figure S3 (a) in Supplementary Information (untreated I.34TCN composite) and Figure  S3(b) (treated I.34TCN composite) show the following main features: unmelted particles (rougher surface); partially melted particles (smooth surface and neck formation); micro-pores and sintered regions (similar observations were also reported [7, 46] ).
As the LS is a mould-less powder casting system, it is possible the particles at the boundaries have not received sufficient energy for sintering resulting in non or partially melted particles at the part edges. Similarly, to the inhomogeneity in the untreated composite powder before sintering [30] , untreated I.34TCN aggregated particles can be easily seen on the non-melted PA12 particles (highlighted by circles in Figure S3(a) ) whereas the absence of visible clay aggregates in Figure  S3 (b) suggest efficient incorporation of clay into the polymer matrix. High resolution images at high magnification (1 μm or less) were collected to discuss the nanoclay dispersion in the polymer matrix in next section.
The well dispersed clay has been shown to influence melt and crystallisation [47] which is consistent with improved melt behaviour here as evidenced by the smooth surface in Figure S3 (b). The uniformly dispersed plasma treated nanoclay could act as a nucleation centre Figure S1(d) ) whilst the images on the right are of the middle regions (Area 2 in Figure S1(d) ). The white arrows highlight cracks and pores.
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during the crystallisation of the polymer matrix [48] . In contrast, untreated nanoclay shows island-like aggregations [13] as shown in Figure S3 (a). However, a further investigation on the exact mechanism of nanoclay incorporation on the surface morphology of the LS parts is required if this effect is to be exploited for improved surface quality or mechanical properties of LS produced parts.
Dispersion of I.34TCN (untreated and plasma treated) in PA12
Fig . 7 shows the SEM micrographs illustrating the morphologies of PA12 (Fig. 7(a&d) ), untreated I.34TCN composite (Fig. 7b&e) and treated I.34TCN composite (Fig. 7c&f ) cross sections. TiO 2 nanoparticles were observed on PA12 polymeric surface as shown in Fig. 7 (a) and (d) which has been discussed in our previous study [49] . Further analysis about these observations are inserted in Supplementary Information, Figure S4 . The inhomogeneity of the untreated nanoclay can be easily observed in Fig. 7(b) and (e) (Full-scale SEM images of Fig. 7(b) and (e) are available in Supplementary Information, Figure S5a and Figure S5b respectively). The nanoclay particles were aggregated on the micro-scale in a flat surface area like in Fig. 7(b) and nanoscale aggregates were observed in a plastically deformed area such as in Fig. 7(e) . Some of the islands of untreated I.34TCN, found on nonmelted particles in Figure S3a , are observed to have broken-up under tension to smaller aggregates of a few microns in size or less on the PA12 surface, for example Figure S6 in Supplementary Information.
An area is more likely to promote a brittle fracture shown Figure S7 in the Supplementary Information, displayed a relatively flat and aggregated nanoclay platelets. On the other hand, the advantageous effect of the LPePT is shown by the improvement in dispersion of the nanoclay into PA12 was observed in Fig. 7 (c) and (f) (Full-scale SEM image of Fig. 7 (c) and (f) are available in Supplementary Information, Figure  S5 (c) and Figure S5(d) respectively) . The plasma treated nanoclay platelets (Fig. 7(c) ) are randomly distributed and less aggregated than the untreated ones ( Fig. 7(b) ) even though the region was flat. The treated particle sizes were remarkably reduced (highlighted by arrows in Fig. 7(c) ) and were dispersed more efficiently than untreated particles shown in Fig. 7(b) . The nanoscale SEM image in Fig. 7 (e) was taken on a plastically deformed region, reveals that the treated nanoclay was dispersed in-between the PA12 layers as nanosized thin sheets and oriented toward the cross section. However, some of these nanosheets had a poor interfacial bonding with PA12 in one side of these sheets as observed in Fig. 7(f) . This poor cohesion in parts of the composite structure may limit the advantageous effect of the nanoclay [50] . Hence, a further optimisation of the plasma treatment is required for a better interfacial bonding. These SEM observations and results are linked to the mechanical behaviour of the PA12 composites in the next section.
To conclude the SEM observations, the plasma treatment reduced the micro-aggregation and improved the dispersion of the nanoclay leading, to some extent, to a partially exfoliated structure in some regions and partially intercalated structure in other regions. This confirms the critical role of the plasma treatment for successful nanocomposite formation.
Mechanical properties
The tensile test (Ultimate Stress, Ultimate Strain and Elastic Modulus) results obtained from the LS samples of the PA12 and its composites (untreated I.34TCN composite and treated I.34TCN As can be seen, in each case the UT-Stress of plasma treated, and untreated composites were lower than that for PA12, and more dramatically so at lower laser powers (Fig. 8) . Also treated vs untreated showed no effect. As expected, the UT-Strain of the untreated I.34TCN composite and treated I.34TCN composite, shown above, are substantially lower than that of the PA12 due to the addition of rigid nanoclays [51] . However, the treated I.34TCN composite show a better elongation than that obtained from the untreated I.34TCN composite samples as shown in Fig. 9 3 MPa, and 1486.7 ± 89.6 MPa respectively. As can be observed, at 17 W and 21 W laser powers, the elastic moduli of the treated composite exhibited higher values than those obtained from PA12 and untreated composite and the best value was obtained at laser power 17 W. In addition, the spread of data of the elastic modulus is relatively large compared to the ultimate stress and strain data at all laser power inputs in line with previous literature [1, 6] .
In conclusion, as expected, the poorer tensile test results of untreated I.34TCN composite Figs. 9 and 10 coupled with the non-uniform surface showed by SEM images in Fig. 6(c) , Figure S3 (a) and Fig. 7(b) suggest that the untreated nanoclay agglomerations absorbed higher energy causing large local variations of temperature. Therefore, some particles with poorly distributed untreated nanoclays were mostly partially melted which resulted in weak mechanical properties as reported in previous studies [14, 22] . On the other hand, no signs of large agglomerations but smooth surface melt area ( Figure S3(a) ) and better dispersion ( Fig. 7(d) and (f)) were obtained in treated I.34TCN composite. As a result, the elastic modulus of treated I.34TCN compositewas significantly improved and higher than that of PA12 and untreated I.34TCN composite at a laser power of 17 and 21 W. Although, for most materials improving stiffness are accompanied by reduction in ductility [1] , the LP-PT has a beneficial effect on stiffness whilst also promoting a less brittle fracture of treated I.34TCN composite. On the other hand, the reduction in the composites toughness, shown in Fig. 8 , can be attributed to the fact that a fully exfoliated structure was not achieved [52] even though, the PT composite exhibited well-dispersed nanoclay as previously discussed. This is because some region showed poor-adhesion between the plasma treated I.34TCN and PA12 (Fig. 7(f) ) could lead to less interfacial reinforcing area and less resistance to nanoclay slippage. We observed that the same particle showed good adhesion one side but a poor adhesion on the other, suggesting uneven exposure to the plasma. Therefore, further work is required to optimise the processing parameters of the LS PA12 composites including the powder mixing parameters but most importantly, the plasma treatment geometry and duration.
Conclusion
We conclude that surface modification by air plasma exposure can be used to improve the nanoclay thermo-chemical properties and enhance the compatibility between the organic and nonorganic materials, ultimately, resulting in good processibility of complex LS composite parts, and most notably, improving the surface quality. We found the plasma treatment could improve the affinity between the nanoclay and PA12 and therefore it significantly reduced the nanoclay aggregates and improved the dispersion quality. Furthermore, LP-PT can increase laser sintered composites' stiffness and promote a reduced brittleness when plasma treated nanoclays are added instead of untreated nanoclay. Therefore, it is feasible to establish a link between plasma and Laser Sintering techniques to modify the end-use part properties, however, a further optimisation of the plasma treatment is required to fully exploit this potential. 
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